Introduction
In modern times, titanium is used more and more during steelmaking not only for deoxidation but also for micro-alloying and alloying of an ever increasing range of steel grades. These grades are used for production of automobile parts, plates for ships, engines, high strength micro-alloyed steels etc. The titanium in the Ti-alloyed steels will form non-metallic inclusions (such as oxides, nitrides and carbides), which will affect the properties of the steels and alloys. Their number, size, morphology and composition can have significant negative or positive influences on the properties of the final steel product. For instance, the large size inclusions and clusters are a common origin to cracks and fractures in super alloys at high temperatures and low stresses. 1) On the other hand, small size inclusions inhibit grain growth in steel and promote the formation of a fine metal structure.
1)
Several previous studies have proven that the characteristics of non-metallic inclusions in liquid steel can be modified during the ladle treatment. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Both model calculations [2] [3] [4] [6] [7] [8] [9] [10] 12, 14) and experimental investigations 5, [11] [12] [13] have
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been done to evaluate the growth and flotation of oxide inclusions and clusters during ladle treatment of different steels. During these studies, several parameters influencing the agglomeration and removal of inclusions (such as stirring conditions and inclusion characteristics) were considered and discussed. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] A overview of the obtained results at different stirring modes and conditions were done in a separate article.
13) It was reported that the turbulent dissipation energy rate (ε), as a parameter of intensity of melt stirring in the ladle, can be varied in very wide range (from 0.0002 to 0.7 m 2 s − 2
). Furthermore, that it can significantly effect the formation, growth and removal of clusters in the melt during ladle treatment. For instance, based on the results obtained from experimental investigations and model calculations, Chung et al. 12) concluded that gas stirring (GS) was preferable for mixing of the melt in a 100 t ASEA-SKF ladle but electromagnetic stirring with upwards direction (EMS/U) was preferable for the removal of Al 2 O 3 inclusions. However, the combination of the electromagnetic and gas stirring (EMS/U + GS) was superior for both a melt mixing and removal of inclusions.
The most harmful non-metallic inclusions in the Alloy 825 during ladle treatment are Al 2 O 3 -MgO and TiN, which can form large size clusters that can remain after casting. 15) The behaviors of Al 2 O 3 -MgO clusters in the melt for dif-ferent stirring modes during ladle treatment were discussed in separate article. 13) However, the formation and behavior of TiN inclusions and clusters in the melt of Ni-base alloys have not been considered up to now.
This study focused on the investigations of TiN particles and clusters in the Ni-base Alloy 825 during ladle treatment. Furthermore, on the evaluation of the effect of different stirring modes on the behavior and removal of TiN clusters. The size distributions of clusters and particles in the clusters were investigated after electrolytic extraction of industrial alloy samples taken during ladle treatment.
Experimental

Sample Preparation
The effect of the different stirring conditions on the cluster and particle growth in the Ni-based Alloy 825 was evaluated in industrial trials (Heat A and Heat B) at Sandvik Materials Technology. The composition of the melt at the initial and final moment of the last period of the ladle treatment of the two heats is given in Table 1 . Moreover, the slag compositions for the two heats are given in Table 2 .
The ladle treatment of the melt was divided into two periods for both heats. Period I is the main period, at which an addition of a synthetic slag and alloying components takes place. Period II is meant for the final homogenization of the melt temperature and composition as well as for the removal of non-metallic inclusions before casting. Stirring of the melt in the 75 t ladle was done by using the electromagnetic stirring with upwards (EMS/U) and downwards (EMS/D) directions in combination with gas stirring (GS), as shown schematically in Fig. 1 .
Period I of Heat A (53 min) and Heat B (87 min) was done with the same stirring conditions: EMS/U at 800 A. 
Sample Analysis
Specimen for electrolytic extraction (Specimen EE) was cut out from each lollipop steel sample, as shown in Fig.  2 
(a).
One surface of this specimen was dissolved in a 10%AA electrolyte by using the following electric parameters: a voltage of ~4 V, an electric current of 40-60 mA, and an electric charge of 1 000 Coulombs. About 0.18-0.21 g of the metal was dissolved from the specimen. However, the non-metallic inclusions including TiN are not dissolved during the electrolytic extraction. Thereafter, the electrolyte with undissolved non-metallic inclusions was filtered by using a film filter having an open pore size of 0.4 μm. Then, the TiN clusters and particles in the clusters on the surface of the film filter were investigated by using a scanning electron microscope (SEM) in combination with energy dispersive spectroscopy (EDS). The length and width of the clusters (L and W) and particles in the clusters (l and w) were measured as shown in Figs where A fil is the area of the filter with collected inclusions after the electrolytic extraction; A obs is the area of filter surface observed in SEM; ρ M is the density of the metal; n P is the total number of observed particles in the given size range in all observed clusters and ΔW M is the weight of the metal dissolved during the electrolytic extraction.
Result and Discussion
An earlier study showed that harmful Al 2 O 3 -MgO and TiN clusters exist in Alloy 825 after casting. 15) It was found that the upwards stirring (EMS/U + GS) promote a faster agglomeration of Al 2 O 3 -MgO clusters. The numbers of these clusters for upwards stirring were found to decrease for small and medium size inclusions and to increase for large size inclusions. However, for downwards stirring (EMS/D + GS) the number of clusters for all sizes decreased. 13) Furthermore, more detailed studies (in 2D) have been done on 3 heats for each stirring method. Despite some variations, the obtained results showed similar tendencies for Al 2 O 3 -MgO and TiN clusters in the heats with the same stirring parameters. However, due to limitations of the article volume, the obtained results will be published and discussed in a separate article. Meanwhile, this study will concentrate on how the stirring affect the TiN clusters.
Precipitation and Agglomeration of TiN Inclusions
in Melt Usually, the TiN inclusions precipitated only during solidification of most steel grades. However, the Ti content in the Alloy 825 grade is high enough (up to 1.2%) to enable a precipitation of primary TiN in the melt before solidification. 15 ) By using the TERMOCALC v3.1 software and the TFC7 database (with elements; Fe, Ni, Cr, Cu, Mo, Ti, Al, N, O), the weight fraction of TiN inclusions in the melt of the Alloy 825 grade were calculated depending on the temperature. It can be seen in Fig. 3 that for Heat A, most of the TiN inclusions (almost 80%) precipitated in this melt before solidification at 1 385°C. Therefore, most of the TiN clusters formed and grew during the ladle treatment. According to the obtained results, only 20% of the TiN inclusions can precipitate during the melt solidification. Moreover, the size of the secondary TiN inclusions ( < 1 μm) in the fast solidified samples (as in the used lollipop samples) are significantly smaller in comparison to the primary inclusions. The latter were formed early and grew considerably before the solidification.
An evidence of that agglomeration of TiN inclusions occurs has been provided by Xuan et al. 16) based on the determination of the wettability and attractive forces of TiN inclusions in liquid iron and carbon steels. It was reported that the contact angle between TiN/pure Fe and TiN/carbon steel at 1 600°C is larger than 100°. Therefore, the TiN inclusions have a relative high possibility to agglomerate and to form clusters. In this study, the formation and behavior of TiN clusters were evaluated in metal samples of the Ni-base Alloy 825 grade taken from the melt during the ladle treatment.
Characterization of TiN Clusters in Steel Samples
It was found that the TiN clusters were composed of > 90 wt% TiN in all samples from both heats. The size distributions of TiN clusters in metal samples before and after Period II of the ladle treatment are shown in Fig. 4 . It can be seen for Heat A where an EMS/U + GS stirring (Fig.  4(a) ) was used, that the number of clusters per unit volume of metal (N VC ) has increased by ~20-40%. However, the size distribution peak has not moved compared to the initial moment. It can be explained by the growth of all clusters due to the agglomeration and formation of new TiN particles 
12)
It is apparent that the number of clusters at the initial moment of Period II of the ladle treatment in Heat B is significantly larger compared to that in Heat A. It can be explained by some differences in the melt conditions in the initial moment of Period II (the different stirring times or different amounts of additions during Period I), despite that the stirring parameters in Period I were the same for both heats. However, the steel and slag compositions given in Tables 1 and 2 for the initial moment of Period II are similar for both heats. For elimination of the effect of some differences in initial melt conditions on behavior of TiN particles and clusters during Period II in both heats, changes (in%) of N VC values for different cluster size ranges (ΔN VC ) were used for the estimation of the effect of different stirring modes on the formation, growth and removal of TiN clusters in the Ni-base alloy. The normalized values of ΔN VC for each cluster size range were calculated as follows:
where N VC-init and N VC-final are the numbers of clusters per unit volume of metal in the given size range before and after Period II of ladle treatment, respectively. Based on Swedish standard SS 111116, 17) the following three size ranges of clusters were chosen: small ( < 5.6 μm), medium (5.6-11.2 μm) and large ( > 11.2 μm) clusters. It can be seen in Fig. 6 that the numbers of all sizes of TiN clusters in Heat A increased by 15 to 90%. Therefore, it can be concluded that the upward induction stirring in combination with gas stirring in Heat A increases the number of clusters in all size ranges but mostly for clusters larger than 5.6 μm. This confirms the formation of additional TiN inclusions and new clusters during Period II. It should be pointed out that the formation and growth of clusters in this case are significantly faster than the removal and accumulation of clusters to the slag. For Heat B with a downward induction stirring in combination with gas stirring, the ΔN CV values for clusters smaller than 11.2 μm decreased by ~40 to 60% but the values for large size clusters increased by ~20%. It follows from these results that the processes of growth of clusters due to cluster/cluster collisions and their removal into the slag are dominant at the downwards stirring combination. As a result, the total number of TiN clusters in the Ni-base Alloy 825 grade decreases by ~30% during Period II of the ladle treatment. Table 3 shows the mean size of TiN clusters and particles in clusters found in both heat A and B during Period II. It is apparent that the mean length of the clusters increases by 30% in Heat A and decreases by 7% in Heat B. The obtained results agree well with discussion and conclusions given above. However, the mean size of the particles, d eq , decreases by 5 to 10% in both heats.
The size distributions for particles in TiN clusters are shown in Fig. 7 for samples taken before and after Period II of both heats. It can be seen in Fig. 7(a) that the number of particles in clusters increased significantly (on average on ~40%) when using an upwards induction stirring in combination with gas stirring during the final period of ladle treatment in Heat A. This can be explained by the additional precipitation of TiN inclusions and their intensive agglomeration into clusters. This finding is confirmed by an increase of the nitrogen content in metal samples from 0.022 up to 0.032%, due to an existence of the "open-eye" zone on a surface of the melt during this treatment period. On the other hand, the number of TiN particles in clusters decreased significantly (on ~65%) when using a downwards induction stirring in combination with gas stirring in Heat B (Fig. 7(b) ). However, the average size of the particles does not change practically. It means that the big clusters, which have the largest number of particles, float out from the melt faster than the TiN cluster growth due to cluster/ particle and cluster/cluster collisions. It should be noted that the nitrogen content in the melt when using a downwards induction stirring in combination with gas stirring were not changed and equals 0.022%.
Evaluation of Formation and Growth of Clusters
at Different Stirring Modes It is a well-known fact that the number of collisions of clusters and inclusions affect the growth of clusters in the melt. The total number of inclusion/cluster collisions in the melt can be calculated as a summation of Stokes' collisions (due to different flotation speeds for different inclusions in the melt), Brownian collisions (due to random movements of inclusions and clusters in the melt) and Turbulent collisions (due to turbulent movement of the melt). 2.0 ± 1.0 1.9 ± 1.1 2.1 ± 1.1 1.9 ± 1.2 a) Mean value ± standard deviation (σ). where ρ M and ρ i are the densities of steel melt and inclusion, respectively; g is the gravity acceleration; r i and r j are the radius of i-th and j-th inclusions (or clusters), respectively; μ M is the dynamic viscosity of the melt; k and T are the Boltzmann's constant and temperature of the melt; α is the agglomeration coefficient; ε is the turbulent energy dissipation rate; ν M is the kinematic viscosity of the melt ( = μ M / ρ M ). The values of these parameters are given in Table 4 . For evaluation of the energy dissipation rate (ε) at different stirring modes, it was assumed that the gas flow do not play a significant role at the present stirring rates.
26) The ε values for upwards (ε A ) and downwards (ε B ) electromagnetic stirring were taken for a 100 t ladle.
23) The α value can be calculated by using Eq. (8) (5)- (7), it was found that the values of collision volumes between cluster-cluster can be 10-100 times larger compared to particle-cluster collisions. Therefore, it can be expected that the cluster growth in the melt will be much faster due to cluster-cluster collisions in comparison to the particle-cluster collisions. However, the number of TiN particles in the melt is much higher than the number of clusters. Therefore, the particle-cluster collision will occur more often and still dominate the inclusion growth.
A comparison of the collision volumes for Stokes' ( W ij S ), Brownian ( W ij B ) and Turbulent ( W ij T ) collisions are shown in Fig. 8 for TiN particle-cluster collisions at r i-P = 0.75 μm. Moreover, the Turbulent collision volumes (W ij T ) are plotted for an upwards induction stirring in Heat A and for a downwards induction stirring in Heat B. It is apparent that the Brownian collisions have no particular effect on the total collision volume and cluster growth. For TiN particles and clusters with r j < 20 μm (d eq < 40 μm), the W ij T values are ~2-200 times larger than the W ij S values. Therefore, the turbulent collisions are the most important factor for particle-cluster agglomeration during upward and downward stirring because very few clusters having the length more than 40 μm were observed in all metal samples. Moreover, it is apparent that the Turbulent collision volume for the case with an upwards induction stirring combined with gas stirring (Heat A) is about 3 times larger than that for the case with a downwards induction stirring combined with gas stirring (Heat B). Therefore, it can be expected that the cluster growth will be faster when using an upwards induction stirring compared to when using a downwards induction stirring. These theoretical results agree well with the obtained experimental results shown in Figs. 4 and 6. 
Conclusions
This study focused on the evaluation of the influence of the stirring mode on the formation and behavior of TiN inclusions and clusters during the ladle treatment of Ni-based Alloy 825. Specifically, the TiN inclusions and clusters were investigated in metal samples taken from Alloy 825 during the final period of ladle treatment when using an upwards (EMS/U) and a downwards (EMS/D) electromagnetic stirring in combination with gas stirring. Based on the obtained results the following conclusions were drawn:
(1) Most of the TiN inclusions (up to 80%) in the melt of the Ni-based Alloy 825 are precipitated before the start of the solidification of the melt at 1 386°C. μM Dynamic viscosity m Pa s 0.007 [24, 25] a) Approximated from data of Reference [23] . (2) The number of small ( < 5.6 μm) clusters when using an upwards induction stirring (Heat A) increased by ~15% while the number of the medium (5.6-11.2 μm) and large ( > 11.2 μm) clusters increased by ~60-90%. For a downwards induction stirring (Heat B), the numbers of small ( < 5.6 μm) and medium (5.6-11.2 μm) clusters decreased with ~40-60% while large size clusters ( > 11.2 μm) increased by ~20%.
(3) Agglomeration and growth of TiN inclusions and clusters in the melt are faster when using an upwards electromagnetic stirring (Heat A) in comparison to when using a downwards stirring (Heat B). Specifically the former has about 3 times larger values of the Turbulent ( W ij T ) collision volumes compared to the latter case.
(4) Turbulent collisions ( W ij T ) due to the stirring of the melt during ladle treatment are the dominant cause for the formation and growth of TiN clusters having sizes smaller than 40 μm.
